Abstract Epidermal peeling (EPT) and steam-heating (SHT) treatments are two widely processing methods in bamboo industry. Moso bamboo (Phyllostachys pubescens Mazel) and makino bamboo (Phyllostachys makinoi Hayata) are important economical bamboo species in Taiwan and China. The subject of this study was to access the changes of chemical and mechanical properties in moso and makino bamboo culms, which were collected from Taiwan and China after EPT and SHT. As regard to chemical properties, the amounts of extractives and ash were increased both in moso and makino bamboos after EPT and SHT. In contrast, the contains of holocellulose and a-cellulose were decreased after EPT and SHT for two bamboos. Moso bamboo collected from China contained the lowest cellulose content but the highest amount of hemicellulose by SHT. The lignin contents of all samples were no significant different after SHT, and it might due to the structure of lignin did not destroy at 120°C. For the mechanical properties, the density of all makino and moso bamboo samples was reduced after SHT; moreover, the decreasing trend of density was similar to the reducing of holocellulose, a-cellulose, hemicellulose, and equilibrium moisture content (EMC). All bamboo samples without EPT presented the highest modulus of elasticity (MOE) and modulus of rupture (MOR) whether SHT or not. Both MOE and MOR of all bamboo samples were decreased after SHT. The integrity of the bamboo skin is important for the dimensional stability of the bamboo, and the water absorption ability would be increased after EPT; however, SHT decreased the water absorption of bamboo.
Introduction
Bamboo is a monocotyledonous plant; there are around 2000 million hectares of bamboo forests worldwide, of which 70% are located in Asia [1] . Bamboo possessed many advantages such as rapid growth, good elasticity, short-term renewal, etc. Appropriate processing with bamboo, including physical, chemical, and mechanical treatments, bamboo culms can be commonly used as material for making agricultural appliances, furniture, paper, natural fiber, activated carbon, and granulated fuel. Thus, the bamboo utilization has been getting attention all over the world. Bamboo is also a renewable biomaterial, which has a good tensile strength, longitudinal compression strength, and flexural strength properties. Because of the above advantages, bamboo is the excellent raw material for being processed into structural materials such as plywood, particleboard, and bamboo scrimber [2] . However, bamboo is similar to other lignocellulosic materials with high water content and hydrophilicity; meanwhile, it also has several disadvantages, e.g., decay, deformation, durability, and dimensional stability [3] .
To reduce negative aspects of lignocellulosic materials, chemical processes, such as etherification, esterification, and phenylation as well as heat treatment methods, have been proposed for improving the physical properties of timber materials [4, 5] . Spruce wood (Picea abies) had degraded hemicellulose, softened lignin, and hence reduced hydrophilicity of cellulose after treated with high temperature [6] . The other similar effect of heat treatment was found to improve hydrophobicity of spruce wood [7] , and ameliorating the susceptibility of wood to microbial decomposition component, thus enhancing their dimensional stability and durability [8] . Furthermore, studies confirmed that the contents of major chemical constituents, including cellulose, hemicellulose, lignin of moso bamboo (Phyllostachys pubescens), and spruce wood, were reduced by heat treatment, and it significantly affected durability, surface properties, physical properties, and mechanical properties of wooden materials [9, 10] . Current trend of market of bamboo industry and development inclined toward production of glued laminated timber, which is also called glulam. To fulfill the performance requirements, there has been intense research on varieties of bamboo composites. To obtain a standardized integrated element and enhance good gluing properties of bamboo composites, two side planing-machine and peeled machine are widely applied to remove bamboo epidermis recently; however, the different integrated bamboo elements would be obtained and causing the different properties of bamboo composites [11] .
This study examined the effects of epidermal peeling (EPT) and steam-heating (SHT) treatments on chemical and mechanical properties of bamboo. Two common economical and popular bamboo species grown in Taiwan and China, namely, moso bamboo and makino bamboo (Phyllostachys makinoi), were studied and compared in terms of their chemical properties, physical properties, and mechanical strength. We believe that the results obtained in this study are not only contributed to more thorough understanding on properties of peeled and steam-heated treatment bamboo, but also provides useful information for development and applications of bamboo-based engineering materials.
Materials and methods

Bamboo samples
Three-year-old moso bamboo and makino bamboo culms were collected from the Experimental Forest of National Taiwan University in Nan-Tou County, Taiwan in October 2014. In addition, 3-year-old moso bamboo samples were also collected from Lin'an County, Zhejiang Province, China. All bamboo culms were cut into strips of 2 cm wide by circular saw machine and each test condition is nine bamboo specimens from different bamboo culms. In particular, moso bamboo samples were divided into two types, i.e., unpeeled/with epidermis and peeled/without epidermis. To obtain better reagent penetration and chemical reaction in the post-treatment, it is necessary to remove the dirt and siliceous wax layers from bamboo surfaces. Thus, all bamboo samples were pre-treated with an alkaline solution containing 2% potassium hydroxide (KOH) at 100°C for 30 min and then oven-dried at 80°C. For SHT, bamboo strips were placed in a steam-heating furnace at 120°C for 6 h. Prior to the experiments, all specimens were conditioned in a controlled environment with temperature at 20°C and relative humidity (RH) at 65% for 2 weeks. Table 1 summarizes the codes of sample and treatment conditions for eight examined bamboo specimens.
Chemical properties analysis
All chemical analyses were conducted in accordance with standard methods of the American Society for Testing and Materials (ASTM) ( Table 2 ) [12] [13] [14] [15] [16] [17] . Hemicellulose content was calculated by subtracting cellulose content from holocellulose content. The amounts were expressed as a percentage of the initial oven-dry weight.
Mechanical strength analysis
The bamboo specimens were tested using the ASTM method standard D-1037 [18] to exam the mechanical strength. The previously conditioned 20 9 2 9 1 cm (length 9 width 9 thickness) bamboo specimens were tested in a three-point bending experiment conducted with a span of 144 mm and a displacement-controlled testing speed of 3 mm/min. In the test, the specimens were intentionally placed, so that the bamboo outer layer was on the tension side. The static bending test was carried out using a Shimadzu UH-10A (Tokyo, Japan) universal-type testing machine according to the center-loading method for specimens. A concentrated bending load was applied at the center with a span 15 times the thickness of the specimen. Both modulus of elasticity (MOE) and modulus of rupture (MOR) were calculated from load to deflection curves.
Dimensional stability
The bamboo specimens were tested using the ASTM method standard D-1037 [18] to determine volumetric swelling, thickness swelling, and water absorption. The previously conditioned 20 9 2 9 1 cm specimens were dried at 103 ± 2°C before measuring the weight and volume. Initial thickness at the middle of the test specimen was first measured with a micrometer. Then, all test specimens were placed in parallel 30 mm under water and soaked for 2 and 24 h before the thickness was measured again.
Equilibrium moisture content (EMC)
According to the testing procedure of ASTM D1037 [18] , the 20 9 2 9 1 cm specimens were placed in a conditioning chamber at 20 ± 3°C and 50 ± 2% RH for 4 weeks before taking weight and volume measurements. The specimens were then kept at 20 ± 3°C and 90 ± 5% RH for 4 more weeks and measured again. The EMC was evaluated for the specimens before and after the EPT and SHT.
Statistical analysis
All multiple comparisons of physical and mechanical properties were subjected to Tukey's test and analysis of variance (ANOVA). Significant differences between mean values (standard error, SE) of control and experimental specimens were determined using the Tukey's multiple range test.
Results and discussion
Chemical properties analysis
Extractives content
It has been reported that the alcohol-benzene extractives in most lignocellulosic materials comprise waxes, fats, resins, rubber, and water-soluble substances, all of which can affect gluing and coating process; it also influences the dimensional stability and durability of lignocellulosic materials [19] . Hence, assessing the extractives contents of bamboo would shed light on the suitability of their applications. As shown in Fig. 1 , there was increasing the trend in alcohol-benzene extractives after SHT, and it indicated changes in chemical composition after SHT. Moreover, extractives contain of untreated with heat and SHT specimens were shown in the order of TPmE \ TMosoE \ TMoso \ CMoso (extractives values were 5.2, 7.2, 8.8, and 9.8%, respectively) and TPmE-H \ TMosoE-H \ TMoso-H \ CMoso-H (extractives values were 7.1, 7.7, 9.3, and 10.1%, respectively); SHT moso bamboo collected from China (CMoso-H) contained the highest amount of extractives. However, there was no significant difference in extractives between species from Taiwan and China, which epidermis had been removed. Furthermore, moso bamboo (TMosoE and TMosoE-H were 7.2 and 7.7%) contained more extractives than makino bamboo (TPmE and TPmE-H were 5.2 and 7.1%), and EPT specimens had higher extractives than those with intact epidermis (p [ 0.05). Taken together, our results revealed that EPT and SHT contribute to increase extractives contents of bamboos. Our findings are consistent with reported previously that thermal treatment affects the fundamental chemical properties of plantation woods and moso bamboo [20, 21] ; heating treatment wood and bamboo could increase the amounts of extractives. Candelier and his coworkers attributed changes in chemical composition of wood to thermal degradation of polysaccharides under high-temperature heat treatment [22] . Boonstra and Tjeerdsma also demonstrated that a two-stage heat treatment led to depolymerization of carbohydrates and especially of hemicelluloses, which in turn caused increase in relative lignin percentage [23] .
Holocellulose, a-cellulose, and hemicellulose contents
Cellulose is the main constituent of cell walls of bamboo culms; it significantly influence on the physical and mechanical properties of bamboo. Figure 2 shows the holocellulose, a-cellulose, and hemicellulose contents in the eight bamboo specimens. Cellulose contents for all specimens were decreased after SHT (p [ 0.05); moreover, holocellulose and a-cellulose contents of untreated and SHT specimens were in the order of CMoso \ TMoso \ TMosoE \ TPmE and CMoso-H \ TMoso-H \ TMosoE-H \ TPmE-H, respectively. SHT moso bamboo collected from China (CMoso-H) containing the least amount of holocellulose (64.2%) and a-cellulose (42.8%). The results obtained in this study revealed that makino bamboo (TPmE and TPmE-H) contained more holocellulose (71.1 and 69.2%) and a-cellulose contents (57.7 and 56.3%) than moso bamboo; moso bamboo collected from Taiwan with epidermis intact (TMosoE and TMosoE-H) had higher holocellulose (69.1 and 66.4%) and a-cellulose (52.5 and 51.3%) contents than those without. Based on the anatomical properties of bamboo culms, Li and his coworkers demonstrated that holocellulose content decreased from the outer to the inner radial layer, but was not significantly different between the middle and inner layers; meanwhile, a-cellulose differed greatly across radial layers of the culm in the basal portion of the 3-year-old moso bamboo and consistently decreased from the outer to inner layers [24] . Besides, moso bamboo from Taiwan (TMoso and TMoso-H) contained more holocellulose (68.1 and 65.2%) and a-cellulose (47.9 and 45.9%) than that from China; however, there was no significant different in cellulose contents after EPT. In contrast, hemicellulose content showed contrary trends with holocellulose and a-cellulose that were CMoso [ TMoso [ TMosoE [ TPmE for untreated specimens and CMoso-H [ TMoso-H [ TMosoE-H [ TPmE-H for SHT ones, with untreated moso bamboo collected from China (CMoso) containing the highest amount of hemicellulose (23.1%). Moreover, makino bamboo contained less hemicellulose than moso bamboo with or without epidermis. In conclusion, the results indicated that EPT and SHT contributed to reduce cellulose contents. These findings were similar to those reported that hemicellulose had low thermal stability and coursed most degradation by heat treatment. Pyrolysis of hemicellulose would reduce cellulose content, thus undermining the strength of lignocellulosic material [10, 23] . The possible reason for this phenomenon might due to hemicellulose is one kind of plant cell-wall polysaccharides, which linked to lignin by covalent bonds and interconnected together with cellulose by physical intermixing. Previous studies also have demonstrated a relationship between the degradation of hemicellulose components, such as arabinose and mannose, and wood strength losses. The significant reduction in strength observed during incipient decay is, therefore, to be due to hemicellulose decomposition [25] .
Lignin content
Besides cellulose content, lignin content also significantly affects on strength of timber; for example, the compressive strength of wood is correlated with lignin content [24] . Taiwan and those from China (p \ 0.05); however, moso bamboo collected from China was found to have significant higher acid-soluble lignin content than bamboo from Taiwan.
Results shown in Table 3 revealed that SHT had minor effect on Klason lignin contents of both moso bamboo and makino bamboos. It means that SHT at 120°C for 6 h did not depredated or re-polymerization reaction in bamboo specimens, leading to insignificant changes in lignin contents. Distinct effect on lignin contents was observed after heat treatment at higher temperatures above 120°C [26] . Apparent increasing of the amount of Klason lignin after SHT at 180 and 220°C might due to the ongoing removal of hemicelluloses during thermal degradation [27] . Organic acids released from hemicelluloses also caused cleavage of the lignin-polysaccharide complex (LCC), while condensation reaction enabled polymerization of lignin components, thus increasing its relative content [27] . Figure 3 presents ash contents of the eight different bamboo specimens. The ash contents were reduced after SHT. Thermal treatment would cause wood deterioration and mass loss, which caused higher ash content. Moreover, ash contents of untreated and SHT specimens were in the order of TMosoE \ TPmE \ TMoso \ CMoso and TPmE-H \ TMosoE-H \ TMoso-H \ CMoso-H, respectively, with steam-heated moso bamboo collected from China (CMoso-H) contained the highest amount of ash (1.65%). However, the ash content between specimens from Taiwan and China was no distinction after EPT. Furthermore, moso bamboo (TMoso, CMoso, TMoso-H, and CMoso-H were 0.95, 1.23, 1.34, and 1.65%, respectively) had higher ash content than makino bamboo (TPmE and TPmE-H were 0.67 and 0.81, respectively), with the exception of without EPT moso bamboo specimens (TMosoE and TMosoE-H were 0.33 and 0.45%, respectively). Both EPT and SHT would increase ash content, which undermines timber quality. These findings were consistent with those reported results that mass loss increased in moso bamboo after heat treatment [21] .
Ash content
Physical properties analysis
Density Figure 4 shows the density of eight different bamboo specimens under 65% RH. The densities were decreased in all samples after SHT. It indicated that SHT at 120°C for 6 h would decrease bamboo density. Moreover, densities of untreated and SHT specimens were in the order of CMoso \ TMoso \ TPmE \ TMosoE (density values were 0.68, 0.77, 0.79, and 0.84 g/cm 3 , respectively) and CMoso- H \ TMoso-H \ TPmE-H \ TMosoE-H (density values were 0.66, 0.75, 0.77, and 0.80 g/cm 3 , respectively); moreover, the density of SHT moso bamboo, which collected from China (CMoso-H), was the lowest. Compared with EPT specimens, those with intact epidermis had higher density, unpeeled moso bamboo showed the highest density among all specimens. The results obtained in this study demonstrated that both EPT and SHT would decrease bamboo density. The quality of timbers after thermal treatment had been studied well [28] . According to Mburu's finding, heat treatment would result in degradation of the wood composition and produce quality loss, and it would be coursed by different process, including temperature, processing time, and quality of the media. Related research had also reported that reduction in mechanical strength of plantation wood instigated by significant mass loss under heat treatment above 170°C for more than 2 h [20] .
Equilibrium moisture content (EMC)
The EMC of bamboo specimens was condition at constant temperature chamber, which was set the temperature at 20°C and in a 65% RH constant. Figure 5 shows the EMC of bamboo specimens, and it revealed a general trend of reduction in EMC after SHT for all specimens. EMC of untreated and SHT specimens were in the order of TPmE \ CMoso \ TMoso \ TMosoE (EMC values were 9.87, 10.21, 10.26, and 10.56%, respectively) and TPmE-H \ CMoso-H \ TMoso-H \ TMosoE-H (EMC values were 9.59, 9.98, 10.03, and 10.14%, respectively); SHT makino bamboo collected from Taiwan (TPmE-H) had the lowest EMC. Compared with EPT moso bamboo specimens, samples with intact epidermis had higher EMC. Among them, TMosoE presented the highest EMC (10.56%). Taken together, the results indicated that both SHT and EPT reduced EMC. Figure 6 illustrates the MOE and MOR of bamboos after EPT and/or SHT. As shown in Fig. 6 , makino bamboo with intact epidermis had the highest MOE and MOR among the specimens whether SHT or not. The MOE and MOR of untreated moso bamboo specimens were in the order of TMosoE [ TMoso [ CMoso, while that of SHT samples were also in the same order of TMosoE-H [ TMoso-H [ CMoso-H. Although the results showed no statistical significance (p \ 0.05), MOE and MOR tended to decrease after SHT for all specimens, exception for MOE of unpeeled makino bamboo (TPmE). The results revealed that EPT and SHT did affect mechanical strength of moso bamboo, while makino bamboo with intact epidermis could maintain high mechanical strength even when thermally treated.
Mechanical properties
Kocaefe et al. investigated the effect of heat treatment on the mechanical properties of jack pine (Pinus banksiana) in North America and found decreased in bending strength by heat treatment [29] . When drying of wood materials by heating treatment, significant changes in composition and structure of wood occurred under thermal [30] . In particular, tensile strength was directly related to cellulose content. Results on chemical properties had shown that makino bamboo contained more holocellulose and a-cellulose than moso bamboo. Hence, makino bamboo should exhibit better mechanical strength than moso bamboo, as evidenced by the present results.
Dimensional stability
Previous studies had reported that heat treatment caused the changes of wood composition and structure, thus reducing volumetric swelling and hygroscopicity [31, 32] . These changes in turn contribute to improve the dimensional stability of woody materials.
Thickness and volumetric swelling coefficient Figure 7 shows both thickness swelling coefficient (TS%) and volumetric swelling coefficient (S%) of the bamboo specimens after EPT and SHT. It revealed a general trend of decreasing in both TS% and S% after SHT. Moreover, the orders of TS% in untreated and SHT were CMoso \ TMosoE \ TPmE \ TMoso (TS values were 5.04, 6.24, 8.62, and 11.99%, respectively) and CMoso-H \ TMosoE-H \ TPmE-H \ TMoso-H (TS values were 3.88, 5.78, 8.05, and 8.11%, respectively), while the S% in untreated and SHT was in the order of CMoso \ TMosoE \ TMoso \ TPmE (S% values were 8.81, 12.50, 15.61, and 16.54%, respectively) and CMoso-H \ TMosoE-H \ TMoso-H \ TPmE-H (S% values were 7.90, 10.62, 11.71, and 16.35%, respectively). Whether EPT treatment or not for China Moso Bamboo showed the least TS% and S% among the specimens. For the specimens from Taiwan, moso bamboo with intact epidermis presented lower TS% and S% than that with EPT. On the other hand, untreated moso bamboo with intact epidermis had the highest TS% (11.99%), and untreated makino bamboo with intact epidermis had the highest S% (16.54%). The results indicated that EPT had a negative effect on dimensional stability, while SHT had a positive efficiency. Yang et al. observed insignificant dimensional changes in both tangential and radial directions in moso bamboo [21] . It might due to bamboo have more vertical tissues than horizontal tissues. Water absorption eliminates traction in horizontal tissues, thus making dimensional changes in tangential and radial directions more significant. The S% takes into account length, breadth, and thickness of the specimens; hence, it could be seen that S% always exceeds TS%. Figure 8 shows water absorption percentage (WA%) of the eight different bamboo specimens. Untreated bamboo specimens with intact epidermis had much higher WA% than those EPT (74.34% in TMoso and 72.18% in CMoso vs. 45.22% in TPmE and 43.14% in TMosoE). It revealed that EPT enhanced the hydrophilicity in bamboo. Moreover, significant changes after SHT were observed only in EPT moso bamboo specimens. That was SHT markedly reduced the water absorption in EPT specimens. In contrast, changes in water absorption in intact skin of makino and moso bamboos were slight (p \ 0.05). Mohebby and Ilbeighi attributed suppression in water absorption to increase in cellulose crystallinity and reduction in amorphous regions in cellulose microfibrils [33] . Observations in WA% were consistent with the EMC analysis results reported above that SHT and EPT decreased hygroscopicity of bamboos.
Water absorption
Conclusions
The aim of this study was to evaluate effects of EPT and SHT on chemical, physical, and mechanical properties of makino and moso bamboo culms. Our results demonstrated a trend of incensement in extractives and ash contents after EPT and SHT, and SHT moso bamboo collected from China contained the highest amount of extractives and hemicellulose. Moreover, EPT and SHT would reduce all cellulose contents, though the differences were not significant. Makino bamboo contained more holocellulose and acellulose and, however, less hemicellulose content than moso bamboo. Moso bamboo from Taiwan had higher cellulose content than that from China. Moso bamboo from China was found to have significant higher acid-soluble lignin content than those from Taiwan, and SHT has slight effect on the Klason lignin content of both moso and makino bamboo. Moreover, EPT and SHT reduced EMC and affected mechanical strength of moso bamboo, while makino bamboo with intact epidermis could maintain high mechanical strength even after SHT. EPT had a negative effect, while SHT had a positive effect on dimensional stability.
